Galectin-1, a member of a family of evolutionarily conserved glycan-binding proteins, binds specifically to poly-N-acetyllactosamine-enriched glycoconjugates. Through interactions with these glycoconjugates, this protein modulates inflammatory responses and contributes to tumor progression and immune cell homeostasis. The carbohydrate recognition domain includes the single protein tryptophan (Trp68). UV Resonance Raman spectroscopy and molecular dynamic simulation were used to examine the change in the environment of the Trp on ligand binding. The UV Raman spectra and the calculated water radial distribution functions show that, while no large structural changes in the protein follows lactose binding, substantial solvent reorganization occurs. These new insights into the microscopic role of water molecules on Gal-1 binding to its specific carbohydrate ligands provides a better understanding of the physicochemical properties of Gal-1-saccharide interactions, which will be useful for the design of synthetic inhibitors for therapeutic purposes.
in the modulation of innate and adaptive immune responses.(4-7) Through specific interactions with glycoconjugate ligands, Gal-1 has emerged as a powerful regulator of inflammatory responses and tumor progression. (2, 5) In this context, elucidation of the molecular mechanisms leading to Gal-1-glycan interactions is highly relevant for the design of novel synthetic inhibitors to control in vivo activity. Figure 1 shows a ribbon model representation of Gal-1 in its homodimeric form.
The carbohydrate recognition domain (CRD) of Gal-1 consists of a deep channel, an antiparallel β-sandwich which includes mostly amino acids 44 to 71. This site is involved in the binding between Gal-1 and a large series of natural in vivo ligands, including glycoproteins with a terminal β-linked galactosyl residue, (1) such as laminin, fibronectin, CD45, αβ integrins, and glycolipids such as GM1. (8) (9) (10) (11) (12) The binding of the galactosyl terminal residues to the CRD of Gal-1 involves at least two major interactions (13) : hydrophilic interactions, via an extensive complementary hydrogen bonding network; and hydrophobic interactions, between sugar rings and aromatic amino acid side chains in the CRD. In particular, Trp68 participates in stacking interactions with carbons C3, C4 and C5 on the β face of the galactose ring, as shown in Figure 2 . This fragment appears to be crucial for distinguishing galactose from glucose through its strict preference for the axial C4−OH, allowing intimate C-H/π-cloud interactions. (13) The binding between lectins and their ligands has been studied by techniques, such as isothermal titration microcalorimetry, (14) NMR, (15) and molecular dynamic simulations. (16) Furthermore, galectins and galectin-oligosaccharide complexes have been subjects of diverse studies, (17, 18) some of which examined the molecular basis for ligand recognition. (13) The reported crystal structures of Gal-1 in free and ligand-bound states show at least three crucial water molecules participating in a hydrogen bond network in the CRD, two of them being displaced upon ligand binding. (19) Recently, by using MD simulations, we identified eight water sites (ws) in the CRD of Gal-1.(20) Water sites were defined as confined space regions close to the protein surface showing a high probability for finding a single water molecule inside them along the simulations. The positions of the ws were defined by the coordinates of the maximum probability point using as reference surface residues of the protein which are able to interact favorably with the water. Four of the eight ws described in the CRD of Gal-1 were shown to be replaced by −OH of the incoming ligand. (20) It is well known that UV Resonance Raman spectroscopy is a powerful tool to monitor the conformations of proteins. (21) (22) (23) Excitation at 229 nm occurs within the electronic transition of tryptophan aromatic ring. Thus, indole ring vibrations are selectively enhanced and give rise to strong resonance Raman spectra. (24) When the indole ring of Trp is exposed to hydrophobic environments, the Trp absorption band red shifts the maximum towards the 229 nm excitation which increases the enhancement of the Trp Raman bands. (22) (23) (24) (25) (26) As will be further discussed, the Trp Raman spectra reveals not only its hydrophobic/hydrophilic environment but also its hydrogen-bonding state. (27) In the work here, we present the first vibrational study of Gal-1, analyzing the UVRR spectra of Trp68 residue in solvated Gal-1 in the ligand-free and ligand-bound states. We compared the conformations, hydrogen-bonding states and the local environment of Trp68 in the presence and absence of the sugar and compared the spectroscopic results to those from MD simulations.
Materials and Methods

Preparation of recombinant Gal-1
Recombinant human Gal-1 was obtained as previously described. (28) Briefly, E. coli BL21 (DE3) cells were transformed with a plasmid containing the Lgals1 gene inserted in the expression vector pET (Novagen) and production of recombinant Gal-1 was induced at the log-phase by the addition of 1 mM isopropyl-beta-D-thiogalactoside. Cells were separated by centrifugation, washed and disrupted by sonication. Debris was separated by centrifugation at 10,000 × g and soluble fractions were obtained for subsequent purification by affinity chromatography on a lactosyl-Sepharose column (Sigma-Aldrich). The purification procedure was performed as described earlier. (29) The recombinant human Gal-1 was stored in a DTT buffer to preserve disulfide protein crosslinks that may affect the activity, as was previously described. (30) 
UV resonance Raman experiments
The UV resonance Raman (UVRR) spectrometer has been described in detail elsewhere. (31) 229 nm excitation was produced by an intracavity frequency doubling of an Ar + laser (Coherent, Innova FReD 300). This UV beam was then focused onto the interior surface of a rotating fused silica NMR tube (Wilmad) filled with ∼0.5 ml of the sample solution. In order to minimize photodegradation, the laser power was maintained at 100 μW. The solution was stirred extensively with a 0.5 mm length magnetic stirring bar. Additionally, a Teflon wire with a flat tip was placed inside the tube just above the area of incident light to induce turbulence. The lack of degradation of the sample under these conditions was ensured within the first 10 minutes of data collection. No differences were observed in the intensity of the data collected in the tenth minute with respect to those obtained in the first minute. A 180° backscattering geometry was used for the Raman measurements. In all experiments, we used 1 mg/ml concentration of Gal-1 in a phosphate buffered saline solution, which yields a 70 μM concentration of Trp. Samples of the Gal-1-lactose complex were prepared by adding lactose to a final concentration of 30 mM. As the value of the Gal-1 affinity constant reported for lactose at room temperature is K b = 3.25 × 10 3 M -1 , (19) the lactose concentration used ensures that more than 97% of the protein is bound. The Raman spectra of Gal-1 and Gal-1-Lac in the presence of 0.2 M NaClO 4 used as an internal standard were also measured.
Molecular dynamics simulations
Gal-1 coordinates were retrieved from the Protein Data Bank, code 1W6N for the unbound protein (X-ray, 1.65 Å resolution) and code 1W6O for the Gal-1-Lac complex. The C2S mutant (wild type cysteine in position 2 replaced by a serine) was used, due to the availability of crystallographic data for the mutant protein and the mutant bound to different ligands. (13, 20) Since the C2S mutation is located far away from the CRD, we assume that it will not affect binding.
In both cases, all crystallographic water molecules were deleted, and a single subunit was then solvated with three-site point charge modeled (TIP3P) water molecules in an octahedral box. The MD simulations were performed using the AMBER 8(32) package of programs, with the PARM99 set of parameters(33) and the GLYCAM-04 parameters for carbohydrates. (34) The equilibration protocol consisted in performing 500-cycle runs of minimization in order to remove initial unfavorable contacts, followed by 100 ps simulations, during which systems were slowly heated up from 0 K to the desired temperature of 300 K. The pressure was then equilibrated at 1 atm over 200 ps.
All simulations used the periodic boundary conditions approximation and Ewald summation method, with an 8 Å cut-off. The SHAKE algorithm was applied to all hydrogen-containing bonds. The MD simulations were performed at 300 K, using a 2-fs time-step. All atoms in the simulated systems were allowed motional freedom.
Snapshots of the coordinates were saved every 2 ps, over a total 20 ns of trajectory. The resulting 10000 instantaneous configurations saved on disk for each system were then analyzed.
In addition, a 5 ns simulation was performed for an isolated and solvated Trp amino acid. The MD simulation was performed using the same computational setup described above.
Results and Discussion
Excitation of Trp at 229 nm changes upon binding Figure 3 shows the 229 nm excited resonance Raman spectra of Gal-1 and Gal-1-Lac and the difference spectrum. The dominant bands in the spectra at 762, 877, 1011, 1356, 1557, 1622 cm -1 derive from Trp and Tyr residues of Gal-1 which are assigned to Trp W18, W17, W16, W7, W3 vibrations and Tyr Y8a vibration, respectively. Since lactose is not resonance enhanced for 229 nm excitation, it does not make any contribution to the Raman spectra.
Binding of lactose results in intensity increase of the Trp bands, as clearly evident in the difference spectrum ( Figure 3C ). No Tyr band features appear in the difference spectrum, as expected since Tyr residues in Gal-1 are not localized in the binding site and are not directly involved in binding.
The intensity increase of the Trp bands of the Gal-1-Lac complex supports the idea that the incoming ligand excludes water from the indole ring surroundings, giving rise to a more hydrophobic environment around the Trp.
In separate experiments, we evaluated the usage of a salt as an internal standard in order to quantitatively measure Raman intensities. While many salts were not considered due to interactions altering the protein function, (19) the commonly used(35) sodium perchlorate was then evaluated. We measured the UVRR spectra of Gal-1 and Gal-1-Lac in the presence and absence of perchlorate and found that perchlorate affects the binding of lactose to Gal-1, since a much lower Trp bands intensity increase occurs in the presence of perchlorate. We presume that perchlorate oxidizes the thiol groups of cysteines causing a decreased affinity to glycan ligands, as reported previously. (19) 
Tryptophan side chain orientation
The 1557 cm -1 Raman peak derives from the Trp W3 indole in-plane ring vibration, which has a large component of C2=C3 stretching. The frequency of W3 depends on the torsion angle (X 2,1 ) involving the C2=C3-Cβ-Cα linkage. Takeuchi found a quantitative relationship between X 2,1 and the W3 frequency and from this relationship we can estimate a X 2,1 angle for non lactose bound Trp68 in Gal-1 of 114.4°, which is in agreement with the value obtained from the crystal structure (120.3°). Upon binding lactose the W3 frequency upshifts ∼1.5 cm -1 , resulting in an angle of 120°, which is close to the upper limit of the W3 frequency-X 2,1 relationship. (36) Table 1 lists the X 2,1 torsion angles for Gal-1 and the Gal-1-Lac complex obtained from the Raman data, the crystal structure and the MD simulations.
MD simulations predict a lower X 2,1 angle of ∼100º and a small increase of 4.4° for this angle in the Gal-1-Lac complex. The Raman, crystal and MD results all indicate a lack of significant conformational changes around the C3-Cβ bond for Gal-1 upon lactose binding.
Nitrogen hydrogen-bonding state
The Trp W17 vibration involves a benzene υ 12 -like vibration from the phenyl ring which couples to N-H bond motion. (27) The W17 frequency is sensitive to the hydrogen-bonding state of the indole NH. (37) In the absence of NH hydrogen bonding, the W17 band appears at 883 cm -1 , while strong hydrogen bonding downshifts the band to 871 cm -1 . In the spectrum of Gal-1 this vibrational mode is observed in the middle of the frequency range (877 cm -1 ), indicating that the indole NH group is moderately hydrogen bonded to a proton acceptor. (36) This is consistent with both the MD simulations results which indicate the presence of a ws interacting with the Trp NH group in the solvated protein, (20) and with the crystal structure of Gal-1 where the indole nitrogen appears oriented toward the protein surface and is close to a water molecule (N---O= 3.72 Å). (19) No W17 band frequency change is observed upon lactose binding, suggesting that the lactose does not directly interacts with the indole NH group. The moderate strength of the NH hydrogen bond in the lactose-bound state is consistent with the presence of surface water molecules; in the crystal structure of the complex, two surface water molecules are observed in the vicinity of Trp68 (N---O= 2.87 Å and 2.99 Å).(19) Figure 4 shows the radial distribution function g(r) for water molecules about the indole nitrogen of the Trp in the three situations: as an isolated amino acid in water, as the Trp68 residue in Gal-1 and in the Gal-1-Lac complex. While the nitrogen of the isolated Trp does not show a structured solvation shell, the Trp68 of both Gal-1 and Gal-1-Lac complex show a peak in g(r) at 2.9 Å, corresponding to water molecules involved in hydrogen bonds to the nitrogen. The higher probability of finding localized water molecules around the indole nitrogen in the Gal-1-Lac complex observed in MD simulations is in agreement with the presence of water molecules close to that nitrogen observed in the crystallographic structure.
Hydration environment
The W7 band gives further insights into the dependence of Trp hydration upon lactose binding. The W7 band of Trp usually splits into a doublet at ∼1360 and 1340 cm -1 due to Fermi resonance between a fundamental band of an in-plane vibration and one or more combination out-of-plane vibrations. The intensity ratio of the doublet changes with the environmental hydrophobicity around the indole ring: the stronger the hydrophobicity, the higher the intensity ratio I 1360 /I 1340 . (37, 38) The frequency of the out-of-plane vibrations are affected by hydrophobic interactions of the indole ring, which alters the doublet relative intensity ratio. In the UVRR spectra of Gal-1 and Gal-1-Lac the main component of the W7 doublet is observed at 1356 cm -1 with a broad shoulder indicating the second component. In the difference spectrum both Fermi resonance components are clearly observed at 1356 and 1346 cm -1 . The change to a more hydrophobic environment for the Trp in the binding site as a consequence of lactose addition is well supported by the extra intensity of the 1356 cm -1 W7 Fermi doublet component over the 1346 cm -1 component.
The spectral evidence observed for the hydration environment of the Trp68 may also be explained in terms of the water radial distribution functions for the side chain of the residue, shown in Figure 5 . The g(r) was computed for water molecules around the center of mass determined by the heavy atoms of the six-membered ring.
The calculated g(r) for the side chain of Trp68 in unbound protein is similar to that for the Trp in water solution, while they show a significant difference with the g(r) calculated for the Trp68 in the Gal-1-Lac complex. It is evident from the functions that the six-membered ring undergoes a noticeable change in its hydration environment, decreasing its solvent exposure when the lactose accesses the CRD. Figure 6 shows that Trp68 side chain in Gal-1 is surrounded by lysine 63 with a significant solvent accessibility on one of its faces, while in Gal-1-Lac complex this residue is involved in the stacking interaction with the galactosyl terminus of the ligand.
Conclusions
Our results indicate that the addition of lactose to Gal-1 does not significantly affect the Trp residue conformation in the binding site since no significant frequency shifts occur for the conformation marker W3 and hydrogen-bonding marker W17 bands. These results are consistent with MD modeling studies. However, as confirmed by the MD simulations, lactose binding results in a more hydrophobic environment of the Trp residue. Subtle solvent reorganization was evaluated by the proposed methodologies. In this regard, both Raman signal intensities and water radial distribution functions confirm that the presence of ligand causes displacement of water molecules in the surroundings of the Trp side chain, while no substantial change was observed in the hydrogen-bond network of the nitrogen of the indolyl group upon binding. Representation of the homodimeric form of human Gal-1 with lactose bound to the carbohydrate recognition domains of each monomer. PDB code 1W6O. Representation of Gal-1 CRD showing the bound lactose and interacting amino acids: histidine 44 (pink), histidine 52 (green), tryptophan 68 (orange). Note that one face of the Trp 68 side chain stacks on the sugar ring, while the other interacts with lysine 63 (yellow). The 229 nm resonance Raman spectra of A) Gal-1-Lac, and B) Gal-1. The intensities were normalized with respect to the Tyr Y8a band. C) Difference spectrum obtained by A-B. Note that the difference spectrum shows only Trp signals. In insets, W3 band shift can be better visualized and it is clearly shown that the W7 I 1356 /I 1346 ratio decreases from A to B (Gal-1 bound to unbound state, respectively). Water radial distribution function for the nitrogen of the side chain of: the Trp68 of Gal-1 (black), the Trp68 of the Gal-1-Lac complex (red), and the isolated Trp in water (green), obtained from MD simulations. Water radial distribution function for the six-membered ring of the side chain of: the Trp68 of Gal-1 (black), the Trp68 of the Gal-1-Lac complex (red), and the isolated Trp in water (green), obtained from MD simulations. Trp C2=C3-Cβ-Cα X 2,1 dihedral angle. Values are given in degrees. a: extracted from the crystal structures (19) , b: average value over the snapshots from the MD simulations of each system, c: evaluated according to Takeuchi, et al.(36) 
